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HIGHLIGHTS 


► The marine boundary layer aerosol was a mixture of pollution, dust and sea salt. 

► Strong vertical wind shear decoupled transport across the boundary layer inversion. 

► Aerosol optical thickness was largely uncorrelated with surface mass concentrations. 
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Large sources of aerosol particles and their precursors are ubiquitous in East Asia. Such sources are 
known to impact the South China Sea (henceforth SCS), a sometimes heavily polluted region that has 
been suggested as particularly vulnerable to climate change. To help elucidate springtime aerosol 
transport into the SCS, an intensive study was performed on the remote Dongsha (aka Pratas) Islands 
Atoll in spring 2010. As part of this deployment, a Davis Rotating-drum Uniform size-cut Monitor 
(DRUM) cascade impactor was deployed to collect size-resolved aerosol samples at the surface that were 
analyzed by X-ray fluorescence for concentrations of selected elements. HYSPLIT backtrajectories indi- 
cated that the transport of aerosol observed at the surface at Dongsha was occurring primarily from 
regions generally to the north and east. This observation was consistent with the apparent persistence of 
pollution and dust aerosol, along with sea salt, in the ground-based dataset. In contrast to the sea-level 
observations, modeled aerosol transport suggested that the westerly flow aloft (~700 hPa) transported 
smoke-laden air toward the site from regions from the south and west. Measured aerosol optical depth at 
the site was highest during time periods of modeled heavy smoke loadings aloft. These periods did not 
coincide with elevated aerosol concentrations at the surface, although the model suggested sporadic 
mixing of this free-tropospheric aerosol to the surface over the SCS. A biomass burning signature was not 
clearly identified in the surface aerosol composition data, consistent with this aerosol type remaining 
primarily aloft and not mixing strongly to the surface during the study. Significant vertical wind shear in 
the region also supports the idea that different source regions lead to varying aerosol impacts in different 
vertical layers, and suggests the potential for considerable vertical inhomogeneity in the SCS aerosol 
environment. 
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1. Introduction 

The region surrounding the South China Sea (also known as the 
East Sea, henceforth SCS) is routinely impacted by aerosol 
outbreaks from the surrounding Asian regions (Lin et al., 2007a, 
2009; Verma et al., 2009; Reid et al., 2009; Cohen et al, 2010a, b; 


Please cite this article in press as: Atwood, S.A., et al., Size resolved measurements of springtime aerosol particles over the northern South China 
Sea, Atmospheric Environment (2012), http://dx.doi.Org/10.1016/j.atmosenv.2012.ll.024 





ARTICLE IN PRESS 


2 S.A. Atwood et al. / Atmospheric Environment xxx (2012) 1-10 


Wang et al., 2011). These papers showed that in the springtime in 
particular, the SCS is impacted from dust and pollution from China 
as well as biomass burning from Southeast Asia. These aerosol 
types may interact in a complex manner with the background 
marine aerosol environment. In addition to the obvious impacts on 
visibility and atmospheric radiative transfer, modeling studies of 
aerosol-cloud-precipitation interactions suggest that cloud 
systems such as those found in the SCS region may be susceptible to 
the introduction of smoke, dust and pollution particles (Sorooshian 
et al., 2009, 2010; Jiang et al., 2010; Yuan et al., 2011). At the same 
time, the Southeast Asian subcontinent may be among the most 
susceptible regions in the world to climate change (Yusef and 
Francisco, 2009). Understanding the nature, sources, and trans- 
port of particulate matter is thus critical to understanding the 
climate, visibility, and precipitation patterns in the region. 

The potential for strong aerosol-cloud interactions in the SCS 
demonstrates the need to characterize particles and their sources in 
both the marine boundary layer (MBL) and in the free tropospheric 
air above it. Height dependent air masses with different particle 
loadings are transported into the area intermittently and are likely 
to contribute unequally to measured aerosol optical thickness 
(AOT) and composition. The remoteness of the SCS has resulted in 
relatively few measurements that are removed from the immediate 
influence of local sources, and thus few datasets are representative 
of the “regional” aerosol. Existing aerosol observations in the SCS 
are summarized by Chuang et al. (2012). 

An opportunity arose in spring 2010 to sample aerosol particles 
entering the SCS. As part of the 7 SouthEast Asian Studies (7SEAS) 
campaign, the National Central University of Taiwan, supported by 
the Taiwan Environmental Protection Administration and the 
National Research Counsel, led an international field mission to study 
the transport of smoke and pollution from Indochina to Taiwan. As 
part of this project, a comprehensive supersite was deployed at 
Dongsha Island in the northern SCS (Wang et al., 2011 ; Lin et al., in 
this issue) from mid-March through mid-May, 2010. Prevailing 
low-level winds place Dongsha Island in a region which may be 
frequently impacted by Asian sources. In addition, there is minimal 
human activity on the island, so it is generally free of local pollution 
sources that would be more typical of mainland sites. The site thus 
provided a unique opportunity to study MBL aerosol composition 
and sources, and assess their representativeness of the larger SCS 
environment. The focus here is on using in-situ aerosol size and 
composition data, along with additional observations and model 
output, to identify transport patterns for aerosol affecting the SCS 
region. Using five weeks of data from a size-resolved aerosol cascade 
impactor, we look for elemental markers that may help identify 
specific sources. These data, combined with Navy Aerosol Analysis 
and Prediction System (NAAPS) aerosol reanalysis and NOAA HYS- 
PLIT backward and forward trajectories, are used to analyze spring- 
time aerosol sources and transport patterns in the northern SCS. 

2. Sampling site and methods 

2.1. Site description 

The Dongsha Islands (also known as the Pratas Islands; 20.7° N, 
116.7° E) are a small group of low-lying islands forming an atoll 
located in the northern part the SCS (Fig. 1). Aerosol sources vary 
throughout the year, largely driven by changing winds associated 
with the East Asian Monsoon (Lin et al., 2007b). During the 
November through April winter monsoon season, prevailing winds 
from the northeast, associated with the passage of cold fronts, bring 
polluted air masses from regions in China, Japan, and the Korean 
Peninsula. Tan et al. (2012) and Wang et al. (2011) presented 
observations of Asian dust transport to the SCS under such 



500 hPa Omega (pascal/sec) 

Fig. 1 . (a) NOGAPS 925 hPa winds with CMORPH (CPC MORPHing technique (Joyce 
et al., 2004))Precipitation (mm day -1 ) and (b) NOGAPS 850 (black) and 700 hPa 
(red) winds with 500 hPa Omega, for April 2010 during the Dongsha Experiment. 
Negative omega indicates regions of ascending motion; positive omega indicates 
regions of descending motion. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

meteorological conditions. For example, Ou-Yang et al. (2012) 
observed elevated ozone, associated with polluted air masses, at 
Dongsha in spring 2010, and demonstrated the existence of distinct 
layers in the atmosphere over the SCS in this season. During the 
spring, the low-level air masses in the SCS laden with Central Asian 
dust and East Asian pollution have been observed coincident with 
Southeast Asian biomass burning plumes aloft (Lin et al., 2007b; 
Wang et al., 2011 ; Reid et al., 2012; Ou-Yang et al., 2012). AOT in the 
SCS are generally highest during March and April, with averaged 
values ranging from 0.1 to 0.6 (Lin et al., 2007a). Onset of the 
summer monsoon in the SCS typically occurs in early to mid-May, 
bringing a reversal to low-level southwesterly winds. 

Sampling was performed at the NASA COMMIT sampling trailer 
placed on the eastern side of the ~ 3 km x 1 km main island. A full 
description of the site and its instrumentation can be found in Wang 
et al. (2011 ); Lin et al. (in this issue); Bell et al. (2012); and Tsay et al. 
(in this issue). Chuang et al. (2012) conducted aerosol sampling at 
the site for two intensive periods, one of which (10-19 April 2010) 
overlapped with our study period. There are no indigenous inhab- 
itants on the main island; however, a small population exists for 
research, fishing and military purposes, with no habitation on other 
islands in the atoll. The main island and the instrumentation were 
powered by a diesel generator, and an airstrip hosts flight operations 
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once or twice per week. The locations for these sources are out of the 
prevailing wind directions for the sampling. 

2.2. DRUM size-resolved aerosol samples 

A free-standing eight-stage Davis Rotating-drum Uniform size- 
cut Monitor (DRUM) sampler was operated continuously in the 
COMMIT trailer from 31 March through 8 May 2010. The instru- 
ment used was a version of the DRUM sampler originally described 
by Cahill et al. (1985), modified to utilize slit orifices and configured 
to run at 16 L min -1 as described in Reid et al. (2008). An unheated 
PMio sample inlet was used, followed by collection stages with 50% 
aerodynamic diameter cut sizes of 5 pm, 2.5 pm, 1.15 pm, 0.75 pm, 
0.56 pm, 0.34 pm, 0.26 pm, and 0.07 pm, corresponding to Stages 1 
through 8, respectively. Aerosol particles are collected on Mylar 
strips coated with Apiezon grease and wrapped around each 
rotating drum. The drums are then rotated at a consistent rate such 
that nominal timestamps can be assigned to specific locations along 
the strip during compositional analyses, yielding 3-h time resolu- 
tion for the Dongsha deployment. Uniformity of the impacted 
sample was demonstrated by Bench et al. (2002). 

DRUM samples were subjected to Synchrotron X-Ray Fluores- 
cence (SXRF) analysis at the Advanced Light Source of Lawrence 
Berkeley National Laboratory to provide measurements of 27 
elements having atomic weights between Mg and Mo, along with Pb 
(Van Curen et al., 2012; Perry et al., 2004). In Table 1 we indicate the 
12 elements selected for further analysis in this study with estimated 
uncertainties. Reported uncertainty values were calculated based on 
the propagation of uncertainties from several inputs. A flow rate 
uncertainty and standard measurement value uncertainty of 5% each 
were used, along with analytical uncertainty from the SXRF data 
reduction algorithm, which varies for each element and for each size 
cut in the DRUM (Perry et al., 2004). Measurements below the 
minimum quantifiable limit were filtered out of the dataset. 

The set of 12 elements was chosen to be consistent with the 
choices for a similar measurement campaign reported recently by 
Van Curen et al. (2012), and to include those elements that had the 
highest rates of valid data. As discussed at length in Van Curen et al. 
(2012), these elements are also associated with certain sources: Cl, 
Br, and Ca are marine-dominated; Ca, Al, Si, Fe, and Ti are terrestrial 
mineral elements; K is associated with mineral dust as well 
a frequently used as an indicator of biomass burning aerosol; Zn, 
Mo and Pb are associated with liquid fossil fuels; and S is primarily 

Table 1 

Elements detected by SXRF used in this analysis and the reported uncertainties, 
given as a percentage of the observed concentrations. All uncertainties are for Stage 
2 species concentrations, except for S, for which the uncertainties on Stages 5 and 7, 
respectively, are shown. Mo and Pb were the only species that had any 3-h Stage 2 
concentrations below detection limits. The last four columns show the ratios of each 
total measured elemental concentration that was in the PM 2 .5 fraction (i.e., 
PM 2 . 5 :PMio), computed as a regression and slope, and also as the average ratio and 
its standard deviation (Stdev). 


Element 

Uncertainty, 

% 

Ratio 

slope 

r 2 

Ratio 

average 

Stdev 

Cl 

8% 

0.39 

0.58 

0.32 

0.13 

Br 

8% 

0.67 

0.85 

0.71 

0.04 

Ca 

7% 

0.63 

0.88 

0.47 

0.12 

Al 

13% 

0.67 

0.94 

0.53 

0.09 

Si 

9% 

0.67 

0.94 

0.56 

0.11 

Fe 

7% 

0.72 

0.96 

0.55 

0.13 

Ti 

7% 

0.70 

0.94 

0.61 

0.10 

K 

7% 

0.74 

0.96 

0.60 

0.11 

Zn 

7% 

0.98 

0.98 

0.85 

0.09 

Mo 

7%— 50% 

0.91 

0.88 

0.75 

0.06 

Pb 

7%— 96% 

0.85 

0.96 

0.82 

0.08 

S 

7%— 12%, 7% 

0.96 

0.98 

0.81 

0.09 


present as sulfate, which has a strong source from oxidation of 
anthropogenically-derived SO2. We stress, however, that none of 
these elements is unique to any particular source. 

DRUM instruments, and cascade impactors in general, are known 
to be subject to several sampling artifacts, most notably a) the 
potential for particle bounce and shattering, thereby shifting 
collected mass from upper to lower stages and thus undersizing 
(Reid et al., 2003b); b) peak broadening on upper stages, leading to 
decreased time resolution for larger particles; c) matrix effects in the 
SXRF analyses, leading to an underestimate of lighter elements (Reid 
et al., 2003a); d) evolution of some reactive species on the collection 
strip, such as Cl; e) humidification of the sample during expansion in 
the jets, leading to particle growth by water uptake and impaction 
on a stage larger than the actual dry aerodynamic diameter (e.g., 
Fang et al., 1991). We applied the analysis techniques discussed in 
Reid et al. (2003a, b) and determined that sizing errors for all but the 
last of these possible artifacts were not significant in this study, and 
that the humidification artifact might shift the particles up by one 
stage, leading to sharp peaks in the size distribution. 

2.3. Air mass backtrajectories 

To establish air mass source regions expected for Dongsha 
during the study, backtrajectories were generated using the NOAA 
Flybrid Single Particle Lagrangian Integrated Trajectory (FIYSPLIT) 
version 4.9 Model (Draxler and Fless, 1997, 1998; Draxler, 2004). 
The GDAS1, 1° x 1° global meteorological dataset, generated for 
FIYSPLIT from the Global Data Assimilation System model, was used 
to run 120 h backwards trajectories, starting every 3 h beginning 
with 0 UTC for all of the year 2010 at initial heights of 100 m, 
1500 m, and 3000 m over the sampling site. 

2.4. Additional model-derived and observational data 

Output from the Navy Aerosol Analysis and Prediction System 
(NAAPS) is used in this work to qualitatively compare variations in 
observed aerosol concentrations to modeled variations. NAAPS is 
a global 1° x 1° aerosol transport model maintained operationally 
by the U.S. Navy to support various operations and research (Reid 
et al., 2009). The emissions, transport, and sinks of sulfate, 
smoke, and dust are simulated. Speciated mass concentrations and 
aerosol optical thicknesses are predicted. AOT from MODIS obser- 
vations are assimilated into the model (Zhang et al., 2008). We 
extracted NAAPS data for comparison with our observations from 
the grid point containing the Dongsha sampling site. 

To assess regional precipitation, we utilize the NRL blended 
TRMM-microwave-geostationary product (Turk et al., 2008). 
Precipitation events in the region occurring during the study are 
shown with 24-h accumulated precipitation maps overlaid on the 
midday MTSAT-IR product. 

For comparison purposes, we include in our presented time 
series PM10 and PM2.5 tapered element oscillating microbalance 
(TEOM) data collected by the NASA/COMMIT (PM 10 ) trailer and 
Taiwan EPA mobile trailer (PM2.5). An AERONET sun photometer 
was also located on the island (Flolben et al., 1998). The daily 
average Level 2.0 Spectral Deconvolution Algorithm (SDA) Version 
4.1 was used to generate total AOT estimates and the fine and coarse 
mode contributions to AOT at 500 nm (O’Neill et al., 2003). 

3. Results 

3.1. Dongsha modeling overview 

To help understand the nature of transport in the SCS region, we 
begin with an analysis of winds and precipitation from the Navy 
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Operational Global Atmospheric Prediction System (NOGAPS) 
operational model for April 2010 (Fig. 1) as well as the mean 
speciated NAAPS AOTs (Fig. 2). From these figures it is clear that 
during our study period, the SCS in general, and Dongsha Island in 
particular, was in a transitional region between the northern 
synoptic storm track and the dry Southeast Asian boreal winter 
monsoon. Boundary layer winds (as depicted by the 925 hPa winds) 
were generally light easterly/northeasterly. Above the boundary 
layer, winds backed to more westerly. This vertical wind shear 
implies geographically different air mass (and thus aerosol) sources 
as a function of height over the SCS. The geographical separation of 
major aerosol sources was very clear in the maps of modeled AOT in 
Fig. 2, where average AOTs across the SCS ranged from 0.1 to 0.8 
during our study period. As is typical for this season (Lin et al., 
2009; Reid et al., 2009) smoke from biomass burning in the dry 
Indochina region was transported with the west-southwesterly 
winds over northern Vietnam, Dongsha Island, and Taiwan, with 
eventual removal in the storm track. The shape of the Indochina 
smoke plume in Fig. 2c combined with the winds in Fig. 1, sug- 
gested that this plume was above the boundary layer. The lack of 
precipitation along the plume in the region (not shown) would be 
consistent with a relatively long lifetime for this smoke aerosol. 

Surface winds suggest that air masses that generally originate in 
East Asia, in the region between the westerly storm track to the 
north and the monsoonal flows to the south, can advect into the 
SCS. The modeled dust AOTs in particular suggest that dust reached 
the SCS, apparently a common occurrence (Cohen et al., 2010a). 
Indeed, before this measurement set, a large dust outbreak was 
observed at the Dongsha site and reported by Wang et al. (2011). 
Somewhat surprisingly, NAAPS did not predict large sulfate 
concentrations, although it might be expected from the flow 
patterns in the region that pollution from East Asia should be 
transported as well as dust, although as reported by Lin et al. (2007) 
these air masses transport separately at different altitudes and can 
remain largely unmixed over long distances, but arriving within 
a few hours of each other at the receptor site. Receptor analyses in 
northern Vietnam suggest such combined dust and pollutant 
transport into the region is commonplace (Cohen et al., 2010a, b). 


Fig. 3 presents a time-height cross-section of NOGAPS wind and 
humidity fields (Fig. 3a). NAAPS dust (Fig. 3b), smoke (Fig. 3c), and 
sulfate (Fig. 3d) concentrations at Dongsha Island, and total NAAPS 
AOT and AERONET AOT (Fig. 3e). HYSPLIT backtrajectories starting 
at Dongsha Island at 100, 1500, and 3000 m are presented in Fig. 4a, 
b and c, respectively. The cross-sections show that the transport of 
aerosol layers aloft were dominated by westerlies bringing air 
masses from Indochina, with a few isolated cases of frontal lifting 
indicative of a more northerly source. At the surface, a more 
episodic nature of aerosol transport was predicted over the 
northern SCS. The wind shear as depicted in Fig. 1 is more clear in 
Fig. 3a, with a delineation at approximately 800 hPa between 
surface east-northeasterlies and free-tropospheric westerlies. 

Dust was modeled to be fairly ubiquitous in the atmosphere 
over Dongsha Island at heights up to 400 hPa, but generally at 
a modal height of 650 hPa. The strongest modeled dust events at 
the surface, however, occurred in association with a frontal passage 
on April 23. Smoke was modeled to be present over Dongsha only 
for the first half of the measurement period, with occasional 
intrusions into the boundary layer. As expected, smoke was 
generally modeled to be aloft, at a modal height of 700 hPa. Finally, 
anthropogenic sulfate was modeled to be present in low concen- 
trations in the boundary layer nearly continuously over the study 
period, except for the period April 17-20. Interestingly, the strong 
surface dust event of April 23-26 also contained the highest 
modeled concentrations of sulfate aerosol. 

In general, NAAPS AOT compared well to AERONET observations 
(Fig. 3e), with the exception of underestimates on March 10 and May 
8, when Dongsha Island was just on the edge of an aerosol plume. 
This good comparison is expected, as operational NAAPS utilizes 
MODIS AOT data assimilation, and supports some confidence that 
NAAPS accurately captured the overarching sources of aerosol 
particles at Dongsha Island (e.g., Indochinese smoke, Asian dust and 
pollution). The AERONET fine/coarse spectral deconvolution showed 
that AOTs were dominated by the fine mode. Even during the dust 
event of April 24-26, transport of pollution along with the dust 
resulted in a fine-mode-dominated AOT. The largest AOT events as 
modeled by NAAPS (April 8, 17, and 27) did not have corresponding 



0.1 0.2 0.4 0.8 1.6 

NAAPS Aerosol Optical Thickness (550 nm) 


Fig. 2. Modeled NAAPS 550 nm AOT during the 31 March - 8 May, 2010 Dongsha Experiment for (a) total, (b) dust, (c) smoke, and (d) sulfate AOTs. 
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Fig. 3. (a) NOGAPS wind and RH profiles; modeled NAAPS (b) dust, (c) smoke, and (d) 
sulfate aerosol concentration profiles; (e) AERONET and NAAPS AOT contributions, for 
the grid box containing Dongsha Island. 


AERONET data, suggesting that the transport of aerosol particles was 
associated with frontal activity and clouds, a fairly typical feature in 
frontal related transport (e.g., Zhang and Reid, 2009). 

At finer scales and for sources influencing the boundary layer in 
remote regions, global models such as NAAPS, as well as bulk 
surface measurements such as PMi 0 and PM 2.5 aerosol mass 
concentrations, are not sufficient to support specific source attri- 
bution. For example, Fig. 5a presents NAAPS-simulated surface 
concentrations of dust, smoke and sulfate aerosols, and Fig. 5b 
presents TEOM-derived PM 10 and PM 2.5 mass concentrations. 
NAAPS captured the transport of dust for the major event of April 
24-30, but the overall signal-to-noise of small perturbations in 
most aerosol species for the rest of the period was so low that it was 
difficult to be definitive about sources impacting Dongsha Island 
and the SCS near the surface. Fig. 5b indicates that PM 10 and PM 2.5 
mass concentrations were highly correlated, with a nearly constant 
ratio of PM 2 . 5 /PM 10 ~0.5, implying either transport covariance 
between coarse dust and/or sea salt and fine pollution/smoke 
particles, or the dominance of dust/sea salt in both size fractions. In 
either case, surface observations of PM 2.5 mass concentrations were 
largely useless as a metric for verification of the fine-mode 
components of modeled aerosol fields. We turn to size-resolved 
aerosol composition from the DRUM sampler to aid in the analysis. 

3.2. Dongsha DRUM size distribution 

Fig. 6 provides study-mean mass size distributions (dM/dln d ae , 
pg m -3 ) of selected elements. Provided are (a) the sum of all 



Mar 31 


Apr 4 


Apr 9 


Apr 14 


Apr 19 


Apr 24 


Apr 29 


May 4 


May 9 


Fig. 4. HYSPLIT backtrajectories at (a) 100 m, (b) 1500 m, and (c) 3000 m receptor 
heights during the Dongsha Experiment. Color coding indicates date at which the 
backward calculation was initiated. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 


elemental mass concentrations; (b) sulfur (S), which as discussed 
above can be interpreted as primarily sulfate, a general indicator of 
anthropogenic emissions; (c) chlorine (Cl), which as discussed 
above can be interpreted as originating primarily from sea salt; (d) 
potassium (K), which is often used as a tracer for biomass burning 
but is also known to be associated with dust; and (e) iron (Fe), a key 
tracer for dust. Overall, the elemental size distributions for the 
DRUM data were tri-modal with strong peaks in Stage 2 (2.5- 
5 pm), Stage 5 (0.56-0.75 pm), and Stage 7 (0.26-0.34 pm). As 
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31 -Mar 5-Apr 10-Apr 15-Apr 20-Apr 25-Apr 30-Apr 5-May 


Fig. 5. (a) NAAPS surface smoke, sulfate, and dust concentrations for the grid box containing Dongsha Island; (b) TEOM PMi 0 and PM 2 .5 mass concentrations; selected aerosol 
species from the DRUM sampling and SXRF analyses: (c) Stage 2 (2.5-5 pm) soil elemental concentrations, (d) Stage 2 K:Ca ratio and Fe concentration, (e) Stage 2 Cl, (f) Stage 5 
(0.56-0.75 pm) and Stage 7 (0.26-0.34 pm) sulfur concentrations, and Stage 5 smoothed sulfur concentrations, with intermittent peaks filtered out. 


expected, Fe and Cl, primarily from dust and sea salt, respectively, 
were found predominately in larger size fractions. Sulfur had 
concentration peaks in the accumulation (Stage 5) and ultrafine 
(Stage 7) fractions. Comparing the magnitude of the averaged 
summed mass distribution (Fig. 6 a) with the distributions for S 
(Fig. 6 b) and Cl (Fig. 6 c), it is apparent that sulfate and sea salt likely 
constituted most of the PM 2 .5 mass distribution, on average. This 
finding is consistent with the composition of PM 2.5 in Bell et al. 
(2012) for Dongsha during March and April 2010, namely, that 
non-sea-salt sulfate and sea salt dominated the fine aerosol 
composition. Nevertheless, most of the mass of sea salt was present 
in the coarse mode (Fig. 6 c), and as shown by the mass distribution 
for iron in Fig. 6 e, soil was also present in both the fine and the 
coarse modes, as also observed by Bell et al. (2012). The bulk of 
potassium was present in concentrations similar to those of iron at 
most size fractions, including larger PM 2 . 5 . Potassium also had 
a small peak at ultrafine sizes (Stage 7) that could be indicative of 
biomass burning, but this peak did not constitute enough of a signal 
to differentiate it from the larger dust dominated contribution to K 
mass, so that identification of a biomass burning signal using this 
tracer was not possible. 


The DRUM size data have important ramifications for interpre- 
tation of the PM 2.5 data. Based on the Fe and K size distributions 
provided in Fig. 6 , we inferred that indeed a large fraction of the 
dust mass concentration was present in particles with aerodynamic 
diameters below the PM 2.5 cutoff. Table 1 provides the ratio of 
elemental PM 2 .s:PMio mass concentrations for all DRUM elements, 
computed two ways. First, to exhibit ratios for significant events, 
the ratio is provided as a regression slope and r 2 . Also, straight 
averages and standard deviations are provided (i.e., all samples 
were equally weighted). As expected, species associated primarily 
with anthropogenic sources, such as sulfur, along with trace metals 
commonly attributable to combustion processes including diesel 
engines and smelting, such as zinc (Zn), molybdenum (Mo), and 
lead (Pb), were virtually nonexistent in the coarse mode. Generally, 
elements associated with dust, such as Al, Si and Fe, had PM 2 .s:PMio 
ratios on the order of 0.5-0.7. Cl, associated with sea salt, was 
mostly in the coarse mode (ratio 0.4); however, as discussed by 
Chuang et al. (2012), chlorine depletion was stronger in the fine 
mode than in the coarse mode, and thus its PM 2 .s:PMio ratio would 
be expected to be biased low. Hence, the strong correlations 
between PM 2.5 and PM 10 concentrations in Fig. 5b could be clearly 
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Fig. 6. DRUM mass size distributions (dM/d in D) for (a) summed elements, (b) sulfur, (c) chlorine, (d) potassium, and (e) iron. 



attributed to the presence of dust and sea salt in both modes. We 
can thus surmise that variations in PM 2.5 mass concentrations are 
dominated by variations in sea salt and dust aerosols, and unspe- 
ciated PM 2.5 mass concentrations alone are unlikely to be reliable 
direct indicators of anthropogenic pollution impacts at this site. 

3.3. Time series of selected elements and elemental ratios 

The previous size distribution analysis identified three aerosol 
size modes in the DRUM dataset: a coarse dust mode centered on 
Stage 2, a fine mass mode centered on Stage 5 and an ultrafine mass 
mode centered on Stage 7. Time series of selected elements and 
elemental ratios for these modes may thus be used to identify 
variations in aerosol types. Fig. 5c provides elemental concentra- 
tions on Stage 2 for Al, Si, K, Ca, and Fe; the ratio of K/Ca and 
concentration of Fe (linear scale) on Stage 2 are shown in Fig. 5d; 
and Stage 2 chlorine is shown in Fig. 5e as a general indicator of 
marine sea salt aerosol. Fine and ultrafine S timelines are shown in 
Fig. 5f. 

First, temporal trends in Fe and other soil elements followed the 
TEOM data, again suggesting that dust, even in low total aerosol 


mass concentration conditions, strongly influenced PM 2.5 mass 
concentration variability. Chuang et al. (2012) found that on 
average, about 30% of the mass at Dongsha in both the fine and the 
coarse modes could not be speciated as either ionic or carbona- 
ceous, which may also indicate the persistent presence of dust in 
both size fractions. The NAAPS-predicted extended dust event from 
23 April-3 May is also clearly evident in the aerosol observations in 
Fig. 5: PM 10 and PM 2.5 concentrations were elevated during this 
period (Fig. 5b), as were the soil-associated elements shown in 
Fig. 5c. In general, all of the soil-related elements tracked one 
another well throughout the study period, with correlations 
generally above 0.9. The one exception, however, was some devi- 
ations in the ratio of K to Ca (Fig. 5d), potentially an indicator of 
feldspars to carbonates (Reid et al., 2003a). During the largest dust 
peak, on May 3, as well as during the peak just prior to it (April 28- 
29), the mass concentration of Ca was roughly twice that of K, 
suggesting a more carbonate-enriched dust. Backtrajectories 
(100 m) during these periods show air mass source regions further 
inland over the western Gobi and Taklimakan deserts (blue back- 
trajectories, Fig. 7). Flowever, during other events, the K:Ca ratio 
approached unity (e.g., April 4, 14, 24, 26) and backtrajectories 
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Fig. 7. Dongsha backtrajectories (100 m) during dust events with high K:Ca ratio (Apr 
28, 29; May 1-3) shown in blue, and during dust events with low K:Ca ratio (Apr 4, 14, 
24, 26) shown in red. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 


indicated source regions from the eastern Gobi and coastal China 
(red backtrajectories, Fig. 7). That these variations in general 
synoptic transport patterns coincided with an indicator of dust type 
may indicate a difference in dust source regions during these 
events, as well as the possibility of different processing in the 
atmosphere along these different pathways. 

Because Cl evolves in the atmosphere to HC1, it is not 
a conservative tracer for sea salt. However, the Cl time series 
should be a reasonable indicator of sea salt produced over the 
previous few days. Coarse mode chlorine (Fig. 5e) indicates that 
sea salt is nearly always present, with some variability in 
concentrations; higher-concentration episodes generally persist 
on the scale of -2 days. The relatively low Cl mass concentra- 
tions and increased PIVb.siPMio ratio from April 10-13 was 
explained by Chuang et al. (2012) as having air masses origi- 
nating from the Philippines, with sea salt aerosol largely depleted 
of chlorine. Overall, Chuang et al. (2012) found 60-80% chlorine 
depletion in the fine mode aerosol, and 51-96% depletion in the 
coarse mode. Thus DRUM-derived Cl would significantly under- 
estimate the contribution of sea salt to the total aerosol mass 
concentrations. 

Sulfur concentrations on Stage 5 were more variable, relative to 
those on Stage 7, and thus these stages were uncorrelated. The 
Stage 5 S spikes most often occurred only for a single time interval, 
although on a few occasions persisted for up to 3 intervals (9 h). We 
found that these concentrations spikes were strongly associated 
with Al (A1:S = 0.07; r 2 = 0.97) and K (K:S = 0.04; r 2 = 0.90), and 
less strongly with Ti (Ti:S = 0.0007; r 2 = 0.57), but had low 
correlations with other elements. Nominally, these elements can be 
indicative of fly ash, but the absence of correlation with other 
crustal elements, such as Si and Fe, that are often associated with fly 
ash (e.g., Hopke, 1991, 2003; Smichowski et al., 2005; Geng et al., 
2010), is perplexing. A possibility is that these spikes may be 
a result of the intense shipping traffic in the region, rather than 
having coal burning as their primary source. 

Particle concentration minima on April 9, 15 and May 4 are 
evident in the PM2.5 and PM 10 traces in Fig. 5b. During these 


periods, drops were measured in concentrations of soil 
elements, metals, and sulfur, along with TEOM mass, while 
chlorine mass concentrations (Fig. 5e) remained at typical levels 
and, together with associated marine sea salt elements, domi- 
nated particle mass fraction. Thus the air masses arriving at 
Dongsha clearly contained sea salt, but were reduced in mass 
concentrations of other aerosol types and thus could be classi- 
fied as clean marine during these events. The Dongsha ozone 
data presented by Ou-Yang et al. (2012) also show minima at 
similar times. In Fig. 8, backtrajectories for these days are 
overlaid on the previous day’s satellite based precipitation 
estimate from the NRL Blended product (Turk et al., 2008). 
Approximately 24 h into the backtrajectory, air parcels passed 
through observed precipitation regions which served to scrub 
them of pollution and dust that they may have been carrying. 
This analysis also lends some additional credence to the ability 
of HYSPLIT at the 100 m starting level to describe general 
synoptic transport patterns affecting Dongsha near the surface 
in the springtime. 
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Fig. 8. Backtrajectories for aerosol particle concentration minima for (a) April 9, (b) 
April 15, and (c) May 5, 2010. Trajectories are placed on the previous day’s 24 h 
accumulated NRL Blended precipitation product (Turk et al., 2008) and MTSAT-IR 
image. 
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4. Discussion and conclusions 

We report findings from a study of springtime atmospheric 
aerosol characteristics at Dongsha Island in the South China Sea / 
East Sea, conducted between 31 March and 8 May 2010 as part of 
the larger 7SEAS campaign in Southeast Asia. Known aerosol types 
in East and Southeast Asia include dust, pollution, sea salt, and 
smoke from biomass burning (Lin et al., 2007a; Cohen et al, 
2010a, b; Reid et al., 2012). Our measurements and model analysis 
sought to determine the varying, relative impacts of these aerosol 
sources both at the surface and in the vertical column above the 
site. The elements quantified in our surface-based samples by our 
analysis techniques were best suited to identification of aerosol 
from primary emissions, namely crustal elements associated with 
dust, metals typical of industrial pollution, and chlorine associated 
with sea salt. The elemental data showed that anthropogenic 
pollution and sea salt dominated surface aerosol during the early 
part of the study, while dust strongly impacted the site for about 
a week toward the end of April and into early May. We did not 
clearly identify smoke impacts in the surface-based chemical data. 
Potassium, a commonly applied tracer of biomass burning, was 
quantified in the SXRF analyses, but potassium is also associated 
with other types of sources such as dust that were frequently 
present in high concentration at the site. As a result, unequivocal 
attribution of surface aerosol to biomass burning sources was not 
possible. 

Interestingly, considerable vertical wind shear in the SCS yiel- 
ded significantly different backtrajectory source regions for air 
parcels arriving within, compared with those arriving above, the 
boundary layer over Dongsha, consistent with prior studies that 
also identified distinct atmospheric layers in springtime in this 
region (e.g., Lin et al., 2007b; Ou-Yang et al., 2012). Observations 
from the DRUM data along with a co-located TEOM sampling 
surface air, a co-located AERONET sun photometer measuring 
column extinction, and aerosol forecasts from the NAAPS model 
qualitatively confirmed the timing, magnitude, vertical distribu- 
tion, and type of aerosol impacts at Dongsha. The combined 
information indicated that dust, sea salt, and pollution aerosols 
constituted higher fractions of the surface aerosol mass concen- 
trations than throughout the rest of the column. In contrast, while 
smoke was likely a significant contributor to column aerosol 
loadings and AOT, it appeared to have only a minimal impact on 
aerosol concentrations at the surface. We note that Chuang et al. 
(2012) made measurements at Dongsha of aerosol organic and 
elemental carbon, as well as water-soluble, non-sea-salt K. They 
also saw no clear indication of the presence of biomass burning 
aerosol in their dataset, and also concluded that downward trans- 
port of smoke from the free troposphere to the surface at Dongsha 
was not significant during this study. 

Based on these results, aerosol transport into the SCS in the 
springtime is understood to be generally dominated by low-level 
transport from regions throughout East Asia to the northwest, 
north, and northeast of Dongsha, while transport above the marine 
boundary layer originates in Southeast Asia to the island’s west and 
southwest. Aerosol types that reached the surface at Dongsha 
during Spring 2010 were estimated to include dust from the 
Taklimakan and Gobi deserts of inland China and Mongolia; 
pollution from the major industrial and population centers of 
central and coastal China, Korea and Japan; and sea salt from 
marine areas surrounding the island, modified according to trans- 
port time and pathway. Based on basic measured and modeled 
column aerosol data, smoke from the highly-active biomass 
burning regions in Southeast Asia advected over Dongsha above the 
marine boundary layer following the general westerly flow 
patterns at those altitudes. The lack of a clear smoke-related 


potassium signal in the aerosol composition data, together with 
the NAAPS model predictions, indicated that smoke was largely 
sequestered above the marine boundary layer. 

As backtrajectory analysis and seasonal climatology show 
generally consistent springtime transport within the SCS from year 
to year, the general conclusions from this study regarding aerosol 
source areas and types may represent a good general description of 
potential aerosol impacts at Dongsha for air masses arriving in the 
springtime. In agreement with previous studies in the region (e.g., 
Cohen et al., 2010a, b; Ou-Yang et al., in press; Tan et al., 2012) the 
results of this work indicate that the vertical inhomogeneity of the 
aerosol environment in the SCS is significant, and therefore the 
location and type of measurement (e.g., column vs. in situ in 
a specific layer of the atmosphere) should be considered during 
planning and analysis of measurements in the region. 
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